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Resume 
Hydroxyapatite-titanium (HA-Ti) composite powders were prepared by high-
energy ball milling for subsequent production of samples by spark plasma 
sintering (SPS). Different milling times for the preparation of HA-Ti composite 
powders were used. The microstructural properties and phase composition  
of the composite powders were studied by scanning electron microscopy  
and X-ray analysis. The results showed no formations of new phases  
in the structure during high-energy ball milling and a gradual reduction of the 
particles size with increasing milling time. Sintered samples from HA-Ti 
composite powder were prepared. A cross section analyzed by SEM and phase 
composition obtained by X-ray diffraction was studied. The results showed 
changes of phase compositions in the structure. 
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1. Introduction 
Hydroxyapatite (Ca10(PO4)6(OH)2, HA) 
is a bioceramic material widely used in dentistry 
and orthopedics applications due to its favorable 
osteoconductive and bioactive properties. 
HA has similar chemical composition and 
crystal structure to apatite in the human skeletal 
system and is therefore suitable for bone 
implants. However, poor mechanical properties 
like low fracture toughness limit the use  
of HA in load-bearing orthopedic applications. 
One of the possibilities of overcoming these 
mechanical limitations is to use ceramic-metal 
composites to achieve the necessary mechanical 
strength and bioactive properties [1 - 6]. 
For this purpose one of the suitable 
metals appears to be titanium. Titanium and 
titanium alloys have been widely used 
for medical applications due to their high 
specific strength, high corrosion resistance, low 
density, and good biocompatibility.  
HA-Ti composites represent a biomaterial 
with good mechanical and biological properties 
[1, 3]. Therefore, the preparation of these 
composite materials has attracted considerable 
attention in recent years. Studies have shown 
that the adhesive and cohesive strengths can 
be increased significantly by combining HA and 
Ti as reinforcing additives [1, 7-9]. However, 
due to the higher sintering temperature, phase 
changes could occur in the composites.  
The objective of this study was 
to produce HA-Ti composite powders by high-
energy ball milling for subsequent spark plasma 
sintering (SPS). High-energy ball milling  
is a process in which a mixture of powders 
(metallic, non-metallic or a combination 
of both) is actively deformed in a controlled 
atmosphere, under a high energetic ball charge 
[10-12]. As such, the high-energy ball milling 
is a potential method for the preparation 
of various interesting solid-state materials and 
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has the advantage of the weakening surface-
bonded species by pressure to enhance 
thermodynamic and kinetic reactions between 
solids [11 - 15]. The constituent powder 
particles are repeatedly fractured and welded, 
and so powder particles with a very fine 
structure can be obtained after milling [9 - 14]. 
Compared to conventional sintering, SPS 
allows sintering at lower temperatures and 
shorter duration by charging the intervals 
between powder particles with electrical energy, 
and efficiently applying a high-temperature 
spark plasma [16]. For this reason, 
the compacted powder is sintered under uniform 
heating to a high density and shorter duration, 
suppressing grain growth, which eventually 
allows the production of nanostructured 
ceramics [16, 17]. 
In this study, HA-Ti composite powders 
with 60 vol. % HA were produced by high-
energy milling under different milling 
conditions. The most suitable composite powder 
obtained was then used for spark plasma 
sintering processes, whose properties were then 
analyzed. 
 
2. Experimental  
Hydroxyapatite powder (Medicoat)  
of a particle size <63 m and titanium powder 
(GfE Metalle und Materialen GmbH)  
of a particles size <45 m were used as the 
initial feedstock materials (Fig. 1). 
Blends of 60 vol. % HA were prepared 
in stainless steel vials for high-energy ball 
milling. The powders were milled in inert 
atmosphere (argon) by using 500 g stainless 
steel balls with a diameter of 10 mm under 
360 rpm. Every hour, 0.5 g of ethanol was 
added to vials to prevent the powder from 
sticking to the walls of the vials. Parts of the 
powders were sampled after 4, 6, 8 and 10 hours 
of milling. Particle morphology and cross 
sections of the ball-milled composite powders 
were analyzed by scanning electron microscopy 
(SEM), whereas quantitative chemical analyses 
were performed using energy dispersive 
spectroscopy (EDS). To observe their cross 
sections, the composite powders were 
embedded in low-viscosity epoxy resin (EpoFix 
Resin, EpoFix Hardener, Struers) and ground 
and polished using standard metallographic 
procedures. The phases present in the composite 
powders after the milling were determined by 
X-ray diffraction (XRD 3003 TT, Cu Kα, 40kV, 
step 0.05, 3s per step, 20-165).  
After 10 hours of milling, the obtained 
HA-Ti composite powder was sintered to disc 
of 20 mm in diameter and 5 mm in thickness by 
a spark plasma sintering machine (SPS 10-4, 
Thermal Technology LLC, California, USA). A 
sintering temperature of 1000 C and a dwell 
time of 5 min were used. A heating rate 
of 100 C/min was applied. The composite 
powder was uniaxially compressed throughout 
the sintering process at a pressure of 60 MPa.  
 
  
a) HA b) Ti 
Fig. 1. Morphology of powders. 
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a) 4 hours b) 4 hours, detail 
  
c) 6 hours d) 6 hours, detail 
  
e) 8 hours f) 8 hours, detail 
  
g) 10 hours h) 10 hours, detail 
Fig. 2. SEM images of cross-section of HA-Ti composite with 60 vol. % HA after specific hours of milling. 
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a) 4 hours b) 6 hours 
  
c) 8 hours d) 10 hours 
Fig. 3. SEM images of morphology of HA-Ti composite powders with 60 vol. % HA after specific hours of 
milling. 
 
X-ray diffraction and SEM analyses 
of the SPS sample were performed. The cross 
section of SPS sample was analyzed via SEM 
and the phases present were determined via  
X-ray diffraction. 
 
3. Results and discussion  
First the influence of high-energy ball 
milling on the morphology of particles and 
agglomeration was studied. Cross sections 
of particles of HA-Ti composite powders with 
60 vol. % HA for all milling times are shown 
in Fig. 2. No separate HA and Ti particles  
in the composite powders could be observed 
for all milling times. SEM images show that Ti 
particles were coated with HA. The gradual 
reduction of particles size and the change  
in the shape of Ti particles with increasing time 
were evident. The plate-shaped Ti particles 
observed after 4 hours of milling (Fig. 2a, b) 
gradually changed their morphology to a near 
spherical-shape, as observed in Fig. 2g, h.  
It is obvious that with increased milling time, 
the particle size decreased and HA-Ti composite 
particles were formed. 
Fig. 3 shows the morphology of HA/Ti 
composite powders after 4, 6, 8 and 10 hours 
of milling. SEM analyses of the morphology 
of HA-Ti powders showed that the particle size 
increased in the initial period (Fig. 3b); 
however, after longer milling times, 
the materials deplete their plasticity and 
frequent particle breakups led to a decrease 
in the average size (Fig.3d). 
The changes during milling such as 
change in particle shape, decrease in particle 
size, and formation of composite particles 
correspond with the results of high-energy 
milling [18]. First brittle HA particles are 
broken up by ball milling, while Ti particles are 
plastically deformed, eventually attaining  
plate-like shape. With increasing time, Ti plate-
like particles could not withstand repeated 
mechanical deformation and broke up into 
smaller particles. Due to their high surface 
energy, HA particles tend to adhere to larger Ti 
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particles, which lead to the formation 
of composite particles. The impact of milling 
balls causes the following break-up  
of the composite particles, which leads  
to a decrease in particle size and produces 
particles with higher specific surface area and 
thus enhances the adhesion between Ti  
and HA [19].  
Fig. 4 shows the XRD patterns of HA-Ti 
composite powders for all applied milling times. 
The XRD analyses showed that the HA-Ti 
composite powders were composed of HA and 
Ti phases and therefore no formations of new 
phases in the structure were found. For these 
reasons, high-energy milling is a suitable 
technology for the production of HA-Ti 
composite powders.  
Cross-section morphologies of the sintered 
samples are shown in Fig. 5. Fig. 5a, b shows 
that the structure is well densified in the center 
of the sample. Towards the edge of the samples, 
a porous structure is evident (Fig. 5c, d), which 
can be favorable for bio-applications. Surface 
porosity leads to improved long-term stable 
fixation of bone implants [20]. 
Fig. 6 shows the XRD patterns of an SPS 
sample prepared from HA-Ti composite powder 
after 10 hours of milling. It reveals that the 
sample contained TiO2 (38 %), CaTiO3 (28 %), 
CaO (3 %) and TiO (31 %) phases, indicating 
major changes in the HA structure during 
sintering. 
 
 
4. XRD patterns of the HA-Ti composite powders after 4, 6, 8 and 10 hours. 
(full colour version available online) 
 
 
Fig. 5. Cross-section morphologies of the sintered samples by spark plasma sintering process. 
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Fig. 6. XRD patterns of the SPS sample. 
(full colour version available online) 
 
 
4. Conclusions 
The effect of processing parameters 
on high-energy ball milling of HA/Ti composite 
powders was examined. HA and Ti powders 
with 60 vol. % HA were milled for 4, 6, 8 and 
10 hours. From the results of observing 
the obtained HA-Ti composite powders it could 
be concluded that:  
-  no formations of new phases  
in the structure during high-energy ball milling 
were observed, which could be caused 
by sufficient cooling pauses during milling; 
- milled powder gradually changed 
morphology to a near spherical-shape and 
reduction in particle size were confirmed; 
- sintered samples from HA-Ti composite 
powder can be prepared by applying spark 
plasma sintering method; 
- porous structure observed on sintered 
sample is favorable for bio-applications either 
in form of the bulk material or biocompatible 
coating. 
 
The results have shown that high-energy 
ball milling is a suitable method  
for the preparation of HA-Ti composite powders 
for SPS processes.  
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